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Abstract 
In order to reduce the catalyst loading of electrodes for Proton Exchange Membrane Fuel Cells, the Vertically Aligned Carbon Nanotubes 
(VACNT) grown on Al foil by Plasma Enhanced Chemical Vapor Deposition is introduced as the catalyst support material. The electrode 
catalyst, Pt was deposited on the VACNT by sputtering deposition for both anode and cathode. The as-prepared electrodes with different 
Pt loadings were assembled with commercial membrane and gas diffusion layers as five-layer Membrane Electrode Assemblies for single 
cell performance testing. The morphology and composition of the Pt/VACNT samples were characterized by Scanning Electron 
Microscopy, Transmission Electron Microscopy and Energy Dispersive X-ray Spectroscopy. The performances and electrochemical 
properties of the single cells were studied by Polarization Curve and Impedance Spectroscopy. The best utilization of Pt is 0.30 g/kW at 
maximum power density of 697 mW/cm2 with Pt loadings of 102 μg/cm2 at cathode and 108 μg/cm2 at anode, which is 21% increasing as 
compared to that of the commercial catalyst under the identical conditions. 
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1. Introduction 
Carbon nanotube (CNT) is graphite sheet rolled into tube [1, 2], which has attracted more and more attention, due to its 
unique structure and excellent properties, such as high electronic conductivity, good thermal stability and superior 
mechanical property. It has been introduced into various applications, including lithium ion battery [3], dye sensitive solar 
cell [4], biosensor [5], photocatalysis and sonocatalysis [6], superconductor [7], super-capacitor [8], hydrogen storage [9] 
and fuel cell [10]. Moreover, CNT has been used in research field. For example, it has been employed to prepare 
nanotweezer as the tip in scanning probe microscopy [11].  
Recently, CNTs have been increasingly used in fuel cells, which can directly generate electricity in the process of 
chemical reaction of hydrogen and oxygen and the byproducts are merely water and heat. The application of this 
environment-friendly technology would be a promising way to solve the problem of the fast depleting fossil fuel sources 
[12]. Mostly, the CNTs are used as an electrode catalyst support in fuel cells to reduce the Pt loading and enhance the Pt 
utilization as an effort to realize the commercialization of fuel cells. In addition, the CNTs can even be treated as a metal-
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free catalyst, for instance, Gong et al. [13] prepared vertically aligned nitrogen containing carbon nanotubes (N-VACNTs) 
as a metal-free electrode catalyst, which showed superior performance and much better durability than that for commercial 
Pt based catalysts. The improved performances were as a result of the presence of electronic attractive N atoms which can 
obtain net positive charge density on the neighboring carbon atoms suggesting a four electron pathway of oxygen reduction 
reaction (ORR) on the VANCNTs with an excellent electrochemical activity [13]. Moreover, the CNT-PTFE 
(polytetrafluoroethylene) composite deposited on metal bipolar plates (the flow channels of fuel cells) can form an 
anticorrosion conductive coating to reduce the contact resistance and thus achieve an improved cell performance [14].  
As a catalyst support material, it is believed that the carbon nanotubes are superior to other carbon support materials. It is 
mostly attributed to the higher graphite component of CNTs which can promote the tolerance to oxygen degradation in the 
electrochemical environment facilitating a long term operation, and bring excellent hydrophobicity which can lessen 
flooding in the electrodes of fuel cells [15]. In addition, more electroactive sites on the surface of CNTs can reduce the 
peroxide intermediate from direct ORR on the Pt sites and thus enhance the ORR performance [16]. Especially, the ordered 
vertically aligned carbon nanotubes as a catalyst support material could be more suitable for the application in fuel cells as 
compared with the randomly orientated carbon nanotubes. They can provide better mass transport and charge transfer 
capacity, more three-phase active sites and uniform chemical reaction condition in the result of improved cell performance 
[10, 13].  
Carbon nanotubes can be mainly obtained by laser ablation, electric arc discharge and chemical vapor deposition (CVD) 
[2]. Among them, CVD is more promising for the commercialization of CNTs, since it is a developed technology and 
prevalent in semiconductor industry. Moreover, it is more convenient to prepare high quality CNTs, as well as vertically 
aligned CNTs with different area densities and parameters merely by adjusting the amount of the catalyst for CNT growth 
and the operation conditions [2, 10]. However, due to the transfer problem, the substrate selection is a crucial issue for the 
large scale application of CNTs in proton exchange membrane (PEM) fuel cell. There needs a complicated chemical 
removal process to transfer the VACNTs based electrode catalyst from the traditional rigid substrates, such as silicon wafer 
[17] and glass [18] to the proton exchange membrane. Moreover, during the process, some contaminations may be 
introduced to the catalyst and affect the performance of the cells. Therefore, a household aluminum foil was selected as a 
substrate to solve the transfer problem in the previous work. It has been proved that by using Al foil as a substrate, the 
VACNTs based electrode catalyst could be fully transferred to the surface of the membrane by hot pressing, which was due 
to the flexible property and the poor adhesion of the VACNTs to Al foil [10]. 
For the Pt deposition on CNTs, there are many efforts which can be classified as wet chemistry routes, such as 
impregnation, precipitation and electrochemical deposition [1, 19]; and dry methods, such as sputtering deposition [10, 15] 
and atomic layer deposition [20]. Among all the methods, it is believed that the sputtering deposition is more promising for 
the preparation of Pt coated vertically aligned carbon nanotubes. A thin Pt film can be formed on the walls of the CNTs by 
sputtering deposition, while the Pt nanoparticles are dispersed on the walls of the carbon nanotubes by other deposition 
methods [19, 21, 22, 23]. Accordingly, the Pt coated CNTs will possess better durability, because the connection between 
the thin Pt film and the wall is stronger due to the bigger contact areas, which can hinder the detachment and migration of Pt 
particles, as well as the clusterization of the Pt particles to maintain the catalyst activity during the cell operation [24, 25, 
26].  
Herein, the electrode catalyst Pt was sputtering deposited on the vertically aligned carbon nanotubes grown by plasma 
enhanced chemical vapor deposition on aluminum foil by two times on the both sides of VACNTs with different Pt 
loadings. In order to investigate the as-prepared electrode catalysts, they were assembled with commercial membranes and 
gas diffusion layers as membrane electrode assemblies (MEA). It can be concluded that this simple and low cost process for 
preparing the electrode catalyst of Pt coated vertically aligned carbon nanotubes is a promising way to reduce the Pt loading 
without the decrement of the cell performance. 
2. Experimental 
2.1. VACNT growth 
  Firstly, the bimetallic catalyst FeCo for VACNT growth was obtained by spaying 3.5 mmol/L of iron acetate and cobalt 
acetate ethanol solution (FeCoAc, Fe:Co=1:1) on the surface of the Al foil (Diamond® Heavy Duty Aluminum Foil) and 
followed by heat treatment in air at 500 °C for 10 min. Secondly, the catalyst coated Al foil was transferred to the substrate 
holder of a plasma enhanced chemical vapor deposition system for VACNT growth; subsequently, the substrate holder was 
heated to 500 °C in the flow of H2 at 20 sccm; after that, 30 W of RF power was supplied to active hydrogen plasma to 
deoxidize the FeCo bimetallic catalyst for 5 min, and then C2H4 as carbon source was introduced at 40 sccm for 20 min for 
VACNT growth. During the whole processing, the pressure of the chamber was maintained at 130 Pa. After growing, the 
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RF power and gases were cut off and the system was cooled down to room temperature. Finally, the VACNT/Al was 
obtained and cut into pieces with area of 5 cm2. 
2.2. Electrode preparation and membrane electrode assembly fabrication 
 
Fig. 1. Flow chart of MEA preparation process. 
The preparation is schematically shown in Fig. 1. Firstly, the catalyst coated membrane (Nafion NR-212) was obtained 
and there were two times of Pt deposition on the CNTs to make sure the fully coating of Pt on the CNTs. The steps were as 
following: the VACNT/Al was fixed on the substrate holder of the Plasma Enhanced Physical Vapor Deposition System 
(MKS RF Power System Series PB-3) and a 4 inch Pt target with the purity of 99.99% was used; the pressure of the system 
chamber was pumped down to ~10-5 Torr, and then the first (F) time Pt deposition was processed in the presence of Ar at 
working pressure of 10 mTorr by using 50 W of RF power for several minutes to achieve various Pt loadings on the 
VACNT/Al; a desired amount of Nafion isopropanol solution (10μL of 5wt% Nafion solution (DuPont) in 1mL of 
Isopropanol) was applied to the surface of the Pt/VACNT/Al with loading of 0.5 gNafion/gPt; after dried in ambient 
environment, two pieces of the Pt/VACNT as cathode and anode were fully transferred onto the surfaces of a membrane by 
hot pressing at 130°C for 2 min under pressure of 50 kg/cm2 to form the VACNT/Pt/Membrane/Pt/VACNT; the side of 
uncoated VACNT was revealed, and the second (S) time Pt deposition was processed on the uncoated sides of 
VACNT/Pt/Membrane by sputtering deposition under the same experiment conditions as the first sputtering deposition; 
finally the catalyst coated membrane Pt/VACNT/Pt/Membrane/Pt/VACNT/Pt was obtained. The loadings of Pt were 
precisely weighted by using a microbalance (RADWAG MYA5.3Y 1μg). Secondly, the catalyst coated membrane was 
assembled with two pieces of the gas diffusion layers (Sigracet GDL-34BC) as a five-layer membrane electrode assembly. 
The as-prepared samples with Pt loadings of 309 μg/cm2 (F_236 μg/cm2+S_73 μg/cm2) at cathode & 297 μg/cm2 (F_221 
μg/cm2+S_76 μg/cm2) at anode, 190 μg/cm2 (F_132 μg/cm2+S_58μg /cm2) at cathode & 204 μg/cm2 (F_120 μg/cm2+S_84 
μg/cm2) at anode, and 102 μg/cm2 (F_57 μg/cm2+S_45 μg/cm2) at cathode & 108 μg/cm2 (F_56 μg/cm2+S_52 μg/cm2) at 
anode were denoted as sample Pt/VACNT_300, Pt/VACNT_200 and Pt/VACNT_100, respectively. For comparison, a 
commercial catalyst ink was prepared by dispersing 45.6wt% Pt/Vulcan XC-72 (Tanaka) in Nafion (DuPont) isopropanol 
solution, and the ratio of Nafion to Carbon was 0.9. The commercial catalyst ink was sprayed on the surfaces of the 
membrane (Nafion NR-212) and the loadings of Pt were 100μg/cm2 at both sides. The commercial catalyst coated 
membrane was also assembled with two pieces of the gas diffusion layers (Sigracet GDL-34BC) as a five-layer membrane 
electrode assembly denoted as sample Pt/C_100. 
2.3. Characterization 
The morphology and chemical composition of the as prepared VACNT and Pt/VACNT samples were characterized by 
Scanning Electron Microscopy (SEM), Transmission Electron Microscopy (TEM) and Energy Dispersive X-ray 
Spectroscopy (EDX). 
2.4. Electrochemical Property Testing 
The performances and electrochemical properties of the MEAs were studied by Polarization Curve and Impedance 
Spectroscopy. The MEA was assembled into a 5 cm2 fuel cell and the performance was evaluated by using the Fuel Cell 
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Test Station (Scribner Associates, 890e) at 70 °C under ambient pressure with anode feeding gas hydrogen (400 cc/min, 
humidifier temperature 60 °C) and cathode feeding gas oxygen (400 cc/min, humidifier temperature 60 °C). After 
performance test, the cells with Pt/VACNT_100 and Pt/C_100 were stabilized at 2.5 A for minutes and the impedance 
spectroscopy were recorded by using Impedance Analyzer (Scribner Associates, 880) within 10% perturbation of the 
mentioned current in the frequency range of 10 kHz to 1Hz. 
3. Results and discussion 
3.1. Chemical composition and morphology of Pt/VACNT 
 
Fig. 2 EDX spectra of Pt/VACNT with Pt loading of 57μg/cm2 for Pt/VACNT_100. 
The chemical composition of the Pt/VACNT/Al sample was investigated by EDX, as shown in Fig. 2. The sample 
contains carbon, platinum, and aluminum. No oxygen was detected indicating the absence of platinum oxides or 
extraordinary low content in the sample. Moreover, the catalyst FeCo for CNT growth was not detected due to the low 
content. 
 
  
 
  
Fig. 3 SEM images of (a) VACNT (side view), (b) VACNT (top view), (c) Pt/VACNT with Pt loading of 57μg/cm2 for Pt/VACNT_100 and (d) 
Pt/VACNT with Pt loading of 221μg/cm2 for Pt/VACNT_300. 
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Fig. 4 TEM images of (a) (b) VACNT and (c) (d) Pt/VACNT_100 with Pt loading of 57μg/cm2. 
 
Fig. 3 and Fig. 4 show the SEM and TEM images of the VACNT (Fig. 3a, 3b & Fig. 4a, 4b), the Pt/VACNT_100 with Pt 
loading of 57μg/cm2 (Fig. 3c & Fig. 4c, 4d), and the Pt/VACNT_300 with Pt loading of 221μg/cm2 (Fig. 3d), respectively. 
As shown in Fig. 3a, the CNTs are vertically grown and the adhesion to the surface of the Al foil is poor. Therefore, it is 
more convenient to transport CNTs to the membrane by physical treatment without introducing contaminations. The 
diameter of the CNTs is 20-30 nm, and the length is about 700 nm, as observed in Fig. 3a, 3b, 4a and 4b. 
After Pt deposition, the diameter of CNTs is obviously increased to 25-35 nm, as shown in Fig. 3b, 3c, 4c and 4d. The Pt 
particles are formed as a compact thin film and firmly adhered to the walls of CNTs by using sputtering deposition, as seen 
in Fig. 4c and 4d. Meanwhile, the Pt nanoparticles deposited by other methods were found to disperse on the walls of carbon 
nanotubes as reported elsewhere [19, 21, 22, 23]. It may benefit the long term practice, as the contact area is large and thus 
the connection between the Pt film and the wall is strong, which could hinder the detachment and migration of Pt particles, 
as well as the clusterization to maintain the catalyst activity during the operation [24, 25, 26]. In addition, by deposition on 
the both sides, a Pt thin film could cover the CNT walls fully or almost fully, which may eliminate or reduce the carbon 
corrosion, a technological barrier for the application of PEM Fuel Cells [27, 28]. However, the loading of Pt should be 
appropriate. As shown in Fig. 3d, with increasing the Pt loading to 221 μg/cm2, the Pt bulks with sizes of several hundred 
nanometers accumulate on the top of the VACNTs to increase the thickness of the catalyst layer, which may minimize the 
utilization of Pt and block the mass transport during the cell operation. 
Specially, in literature, CNTs have been used as templates to produce nanostructured materials, such as CeO2 nanotubes 
[29] and CoFe2O4 nanowires [30]. Moreover, Chen et al. [28] prepared the Pt nanotubes with the various diameters and 
lengths by galvanic replacement reaction of Ag nanowires, which were obtained by using polyol method, followed by 
refluxing with Pt(CH3COO)2 in an aqueous solution and then acid and heat treatment. The durability test of the Pt nanotubes 
as an electrode catalyst showed that the electrochemical surface area of the Pt nanotubes merely reduced about 20% after 
1000 cycles of the durability testing, while at the same testing condition that of commercial carbon supported Pt lost about 
90%. Though support free Pt nanotubes with excellent activity and good durability should be a promising candidate for the 
PEM fuel cells, the complicated preparation procedures would hinder the large scale application. If the Pt thin film fully 
coated carbon nanotubes reported herein could be treated as ‘Pt nanotubes’ with a core-shell structure in which the CNTs 
are the core serving as the template for the preparation of Pt nanotubes; therefore, this preparation process of Pt sputtering 
deposition on CNTs could be an easy way to produce high performance Pt nanotubes catalyst for the application in PEM 
fuel cells. 
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3.2. Performance of the single cell with Pt/VACNT as electrodes 
  
Fig. 5 Polarization and power density curves of single cells by using Pt/VACNT_300 with Pt loadings of 309 μg/cm2 (F_236 μg/cm2+S_73 μg/cm2) at 
cathode & 297 μg/cm2 (F_221 μg/cm2+S_76 μg/cm2) at anode, Pt/VACNT_200 with Pt loading of 190 μg/cm2 (F_132 μg/cm2+S_58 μg /cm2) at cathode 
& 204 μg/cm2 (F_120 μg/cm2+S_84 μg/cm2) at anode, Pt/VACNT_100 with Pt loading of 102 μg/cm2 (F_57 μg/cm2+S_45 μg/cm2) at cathode & 108 
μg/cm2 (F_56 μg/cm2+S_52 μg/cm2) at anode, and Pt/C_100 with Pt loading of 100 μg/cm2 at both cathode and anode, respectively. Testing condition: cell 
temperature 70 °C; gas flow H2 (400 cc/min, humidifier temperature 60 °C) at anode, O2 (400 cc/min, humidifier temperature 60 °C) at cathode. 
Table 1. Performance and Pt utilization comparison of the samples. 
Sample  Maximum Power Density mW/cm2 Maximum Pt Utilization g/kW Power Density @0.6V mW/cm2 Pt Utilization @0.6V g/kW 
Pt/VACNT_300 714 0.85 528 1.15 
Pt/VACNT_200 711 0.55 459 0.86 
Pt/VACNT_100 697 0.30 420 0.50 
Pt/C_100 525 0.38 272 0.74 
 
The performances of the fuel cells with Pt/VACNT were investigated by the fuel cell test system. For comparison, the 
cell based on commercial catalyst with Pt loading of 100 μg/cm2 was also tested at the same conditions. The polarization 
curves and power density output of the single cells with Pt/VACNT_300, Pt/VACNT_200, Pt/VACNT_100 and Pt/C_100 
are shown in Fig. 5. The maximum power densities and the power densities obtained at 0.6 V with corresponding Pt 
utilizations of the samples are list in Table 1. It can be seen that the fuel cell by using Pt/VACNT_100 (Pt loading: 102 
μg/cm2 at cathode, 108 μg/cm2 at anode) shows pronounced improved performance as compared to the fuel cell by using the 
commercial catalyst with Pt loading of 100 μg/cm2 at both anode and cathode. The maximum power density of 
Pt/VACNT_100 is 697 mW/cm2 with corresponding Pt utilization of 0.30 g/kW, while the maximum power density and the 
corresponding Pt utilization of the cell with commercial catalyst are merely 525mW/cm2 and 0.38 g/kW, respectively. The 
improved cell performance would be attributed to the ordered and high aspect ratio structure of the vertically aligned carbon 
nanotubes, which could provide large surface area, high electrical conductivity, good transport capacity and more three-
phase active sites for electrochemical reaction to enhance the utilization and activity of Pt [10, 15, 20, 24]. 
As shown in Fig. 5, the performances of the fuel cells with different Pt loadings are similar at the low and the middle 
current density regimes corresponding to the activation loss and the ohmic resistance dominances [31], respectively. It can 
be deduced that increasing Pt loading would be hardly possible to improve the activation and resistance of the fuel cell [10]. 
However, with the increment of Pt loading, the maximum utilization of Pt, as well as the utilization of Pt at the fuel cell 
operation voltage of 0.6 V will decrease as shown in Table 1. Moreover, in the mass transport loss domain (high current 
density) [31], it can be observed that the slope of the curve for the fuel cell by using Pt/ VACNT_300 is sharper than those 
for the fuel cells with Pt/VACNT_100 and Pt/VACNT_200, indicating the limit performance of mass transportation with 
the redundant Pt loading. It is consistent with the result obtained from the morphology study; that is the redundant Pt will 
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cluster to form bulk particles and accumulate on the top of the VACNTs, as shown in Fig. 3d, resulting in the limit of mass 
transportation capacity and the waste of Pt.  Therefore, it can be concluded that the Pt loading should be appropriate, and the 
optimal Pt loading is 102 μg/cm2 at cathode & 108 μg/cm2 at anode in this study. 
3.3. Impedance spectra of the single cell with Pt/VACNT as electrodes 
The studies of electrochemical impedance spectroscopy were carried on the fuel cells by using Pt/VACNT_100 and 
Pt/C_100 at 2.5 A with the cell area of 5 cm2. Fig. 6 shows the Nyquist Spectra. The simulated equivalent circuit of the fuel 
cell is as illustrated in the inset of Fig. 6, where Rohm, Rct, CPE and W represent the ohmic resistances, the charge transfer 
resistances, the constant phase element associated with double layer capacitance corresponding to the roughness of the 
electrode surface, and Warburg element related to the mass transport resistance, respectively. The experimental results are 
well fitted accordingly as seen in Fig. 6. The parameters of ohmic resistances, charge transfer resistances and mass transport 
resistances obtained from the simulation according to the equivalent circuit are list in Table 2. 
Since the experiments were conducted at 0.5 A/cm2 in the moderate current density range, and the negligible mass 
transport limitation in anode due to the use of pure H2 with flow rate of 400 cc/min, a parallel circuit including CPE and Rct 
was selected to analyze the oxygen reduction reaction (ORR) kinetics [15, 31, 32, 33]. As in the presence of a short straight 
line after the semi arc in low frequency range as shown in Fig. 6, the Warburg element associated with the mass transport 
resistance was selected in series with the Rct [32, 33]. 
 
 
Fig.6 Nyquist spectra of fuel cells with Pt/VACNT_100 and Pt/C_100 obtained at 0.5 A/cm2 from 10 kHz to 1 Hz. Testing condition: cell temperature 70 
°C; Gas Flow H2 (400 cc/min, humidifier temperature 60 °C) at anode, O2 (400 cc/min, humidifier temperature 60 °C) at cathode. 
Table 2. Parameters of the simulation according to the equivalent circuit for fuel cells with Pt/VACNT_100 and Pt/C_100. 
                 Sample  Rohm Ω/cm2 Rct Ω/cm2 W Ω/cm2 
Pt/VACNT_100 0.032 0.034 0.024 
Pt/C_100 0.076 0.095 0.039 
 
The intercept on the real axis at the high frequency Rohm represents the ohmic resistance in the fuel cell. The ohmic 
resistance includes the electronic resistances associated with all the components of fuel cell including electrodes, gas 
diffusion layers, bipolar plates, current collectors, and leads, as well as the contact resistances between them; and the 
resistances due to the ion transport through the electrolyte, i.e. the transport of protons H+ from the active site of anode 
trough anode catalyst layer, membrane, cathode catalyst layer to the active site in cathode [31, 32]. The ionic resistance is 
predominant in the mid current density region and the experiments were performed at the same testing conditions except the 
electrode layer. Therefore, as comparing the Rohm of the two fuel cells in Table 2, it can be deduced that the presence of 
VACNTs increase the proton transfer capacity and electronic conductivity. The improved properties can be attributed to its 
ordered structure which can decrease the transport length. Moreover, the charger transfer and mass transport capacities for 
ORR are improved. The Rct and W of the fuel cell by using Pt/VACNT_100 are 0.034 Ω/cm2 and 0.024 Ω/cm2, 
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respectively, while those for the fuel cell with Pt/C_100 are 0.095 Ω/cm2 and 0.039 Ω/cm2, respectively.  The decreasing of 
the charge transfer and mass transport represents the increment of the electrochemical kinetic of ORR related with the 
enhanced three phase active sites, in this case which due to the ordered and high aspect ratio structure of the vertically 
aligned carbon nanotubes [33]. The results of the impedance studies are consistent with the obtained fuel cell performances 
as shown in Fig. 5. 
4. Conclusion  
The Pt coated vertically aligned carbon nanotubes electrode catalysts with different Pt loadings were successfully 
prepared by sputtering deposition on both sides of the CNTs. With the increasing of Pt loading, the Pt utilization will 
decrease due to the accumulation of redundant Pt particles on the top of the VACNTs to increase the thickness of the 
catalyst layer, which results in blocking the mass transport and lowering the electrochemical kinetic of ORR. The optimal Pt 
loading is 102 μg/cm2 at cathode & 108 μg/cm2 at anode in this study. As compared with the commercial catalyst, the PEM 
fuel cell with Pt/VACNT_100 shows enhanced performance and Pt utilization. The improved performance and Pt utilization 
could be attributed to the good changer transfer and mass transport capacities associated with the ordered and high aspect 
ratio structure of vertically aligned carbon nanotubes based on the electrochemical studies. Therefore, this simple process to 
prepare the electrode catalyst of Pt coated vertically aligned carbon nanotubes is a promising way to reduce the Pt loading 
without the decrement of the cell performance. However, the durability of the fuel cell by using the Pt/VACNT should be 
further studied, and the hypothesis of the Pt nanotubes obtained by using CNTs as template should be proved by further 
characterizations and studies. 
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